In this study we explore the preparation of core-crosslinked micelles of linear-dendritic 21 methoxy-poly(ethylene glycol) (MPEG)-co-poly(ester-sulfide) (PES) polymers to improve the 22 stability of such polymeric micelle systems against premature disintegration and drug release. A 23 series of MPEG-PES copolymers were synthesised via stepwise reactions of acetylation and 24 thiol-ene photoreaction. Surface tension measurement showed that the copolymers with ethenyl 25 surface groups could self-associate in dilute aqueous solutions to form micelles. Crosslinking 26 within the micelle cores in the presence of dithioerythritol (DTT) linker was initiated under UV 27 radiation. The formation of core-crosslinked micelles was confirmed by HPLC in combination 28 with charged aerosol detection (CAD). The copolymers were found to readily hydrolyse under 29 acidic conditions due to the ester-containing dendrons. Drug solubilisation capacities of the 30 micellar solutions were determined using griseofulvin as a poorly water-soluble model drug. The 31 solubility of griseofulvin showed a 10-fold enhancement in 1% w/v micelle solution and 32 increased with the concentration of the copolymers. Drug release studies indicated that a more 33 sustained release of griseofulvin was achieved for the core-crosslinked micelles compared to the 34 non-crosslinked micelles, attributable to greater stability of the crosslinked core structure. 
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Introduction 41 42
It is known that more than half of potentially useful drug candidates fail to progress to 43 formulation development due to their low solubility in physiological aqueous environment. The 44 poor solubility results in limited gastrointestinal absorption and poor bioavailability. Numerous 45 methods have been investigated in recent decades to improve the water solubility of lipophilic 46 drugs, e.g. control of pH, chemical or physical modification, conjugation with polymeric carriers, 47 6 crosslinked micelles was more sustained but accelerated in the presence of glutathione due to the 110 reduction of disulfide bonds. Chen and co-workers have designed and prepared liner-dendritic 111 copolymers consisted of PEG and a PAMAM dendron (Zhang et al., 2014) . The surface amino 112 groups of the PAMAM dendron were then partially conjugated with DOX and lipoic acid. After 113 micellisation the lipoic acid moieties in the micelle core were crosslinked via the thiol-disulfide 114 exchange reaction with DTT in borate buffer. The crosslinked micelles were more stable against 115 dilution and high salt concentration. The release of DOX from the crosslinked micelles was slow 116 under neutral conditions but the release rate was increased in acidic solution and in the presence 117 of glutathione due to hydrolysis and disulfide reduction. 118
Poly(ester-sulfide) dendrimers have been prepared by Hawker and co-workers via a 119 combination of thiol-ene photochemistry and esterification by 4-pentenoic anhydride. Thiol-ene 120 photochemistry has been proved to be efficient for free radical addition of thiol with ethenyl 121 group in the presence of a photo initiator. Sedaghat-Herati and co-workers synthesised linear-122 dendritic copolymers of methoxy-poly(ethylene glycol) (MPEG) and poly(ester-sulfide) (PES) 123 dendron via acrylation by acryloyl chloride and thiol-ene addition with thioglycerol (Fury et al, 124 2009). However the thiol-ene reaction was completed via an ionic mechanism (Michael addition). 125
Recent work from the same group employed thiol-ene photochemistry and esterification with 4-126 pentenoyl chloride to prepare MPEG-PES copolymers (Fury et al., 2013) . Up to generation 3.5 127 PES dendron was constructed to the hydroxyl end of MPEG chain. In the present study we 128 explored the core-crosslinking and stability study of MPEG-PES copolymer micelles and 129 investigated their applications for drug solubilisation and sustained release. This work reported 130 the synthesis and characterisation of linear-dendritic MPEG-PES block copolymer via stepwise 131 reactions of acrylation by acryloyl chloride and thiol-ene photochemistry. The core-crosslinked 132 micelles were prepared by thiol-ene free radical addition in the presence of DTT and Irgacure 133 2959 photoinitiator. The formation and stability of the crosslinked micelles were studied using 134 the CAD-HPLC technique. The solubilisation of griseofulvin in the copolymer micellar solutions 135 was investigated and the drug release profiles were determined by UV assay. 136 137
Experimental 138 139

Materials 140 141
Poly(ethylene glycol) methyl ether (MPEG) (MW 5000), acryloyl chloride, triethylene 142 amine (TEA), 1-thioglycerol, anhydrous chloroform, 2,2-dimethoxy-2-phenylacetophenone 143 (MWCO 3500) overnight and then lyophilized to recover the core-crosslinked micelles.
12
The crosslinking was investigated by HPLC, using an Agilent 1100 Series HPLC system 246 equipped with a Luna 5 μm, C18 column (250 mm x 4.6 mm) (Phenomenex, Cheshire, UK) at 247 40 °C. The mobile phase was MeOH:TFA (0.05% w/v) (80:20), with a flow rate of 1.0 ml min -1 , 248
and Corona Plus CAD detection (ESA) with gas pressure of 35 psi. 249 1% w/v solutions of the crosslinked and non-crosslinked copolymers were prepared in 250 phosphate buffer (0.067M, pH 7.4) and hydrochloric acid buffer (0.085M, pH 1.2) and incubated 251 at 37 °C for 48 and 24 h respectively. The solutions were diluted 5 times with 80 % methanol 252 and analysed by the HPLC assay described above. 253 254
Micellar size 255 256
Analysis of micelle size distribution of the copolymer solutions before and after 257 crosslinking was conducted using dynamic light scattering (Zetasizer Nano, Malvern Instruments, 258 UK). The polymer solutions (1 % w/v) were prepared in phosphate buffer (0.067M, pH 7.4) and 259
clarified by filtering through a PVDF filter (Millipore, 0.45 µm pore size) into a clean scattering 260 cell. 261 262
Drug solubilisation 263 264
The solubilisation method has been reported previously (Crothers et al., 2005) . Briefly, 265 saturated drug-loaded solutions were prepared by suspending excess griseofulvin in 5 ml of 1 % 266 w/v copolymer solutions and stirring at 37 °C for three days. The unsolubilised drug was then 267 filtered (Millipore, 0.45 µm). The amount of drug solubilised was determined by UV assay. The 268 filtrate was diluted 10 times with methanol, and the UV absorbance was determined at optimum 269 wavelength 292 nm (Jenway 7315 spectrophotometer). The absorbance of the polymers at the 270 same dilution was also measured and deducted from the result. Calibration with drug alone 271
276
Release of griseofulvin from the micellar solutions was evaluated using a dialysis technique. 277
Aliquots of 100 µl saturated drug-loaded copolymer solutions (1% w/v) were placed into 10 278
Slide-A-Lyzer ® MINI Dialysis units. The dialysis was performed under sink conditions against 279 buffer solutions in a stirring water bath at 37 °C for 24 h. A dialysis unit was taken out at specific 280 time interval. The solution was diluted with methanol and the amount of griseofulvin remained 281 in the unit were measured by the UV assay described above. All measurements were carried out 282 in triplicate and the results averaged. Statistical analysis of the data was carried out using the 283 Student's t-test. Probability values of p < 0.05 were considered to be statistically significant. 284 285
3.
Results and discussion 286 287
Synthesis and Characterisation of MPEG-poly(ester-sulfide) copolymers 288 289
As shown in Scheme 1, a series of linear-dendritic copolymers of MPEG and poly(ester-290 sulfide) dendron were synthesised by stepwise reactions of acrylation and thiol-ene 291 photochemical reaction. Acrylation with acryloyl chloride is efficient to introduce acrylic groups 292 and excess acryloyl chloride was easily removed by evaporation and precipitation. Thiol-ene 293 reaction was classified as a click reaction, which can be performed under mild reaction 294 conditions and has a very high yield. Structures up to generation 2.5 poly(ester-sulfide) dendron 295 was constructed on the hydroxyl end of a linear MPEG by this scheme. 296
The complete conversion of dendritic surface function at each reaction step was confirmed 297 by 1 H and 13 C NMR, which indicates the successful formation of the dendritic structure. 298
Representative 1 H and 13 C NMR spectra of MEPG-DEN copolymers (full generation G2 and half 299 generation G2.5) are shown in Fig. 1 . Acrylation of MPEG results in the peaks of two methylene 300 groups next to the hydroxyl end to shift from 72.3 ppm to 69.1ppm and from 61.3 ppm to 63.6 301 ppm in 13 C NMR spectrum, respectively. Three peaks from the acrylic group appear at 128 and 302 131 ppm for ethenyl group and 166 ppm for carbonyl group. The acrylic group undergoes free 303 radical addition with thiol group in thiol-ene reaction to form hydroxyl-functioned dendrons. 304
Then the two ethenyl peaks downshifted to 27.4 and 34.7 ppm while the carbonyl peak upshifted 305 to 171.8 ppm. Two new peaks located at 35.5 and 65.3 ppm are from the methylene groups of 306 thioglycerol. The CH peak of thioglycerol is overlapped with the big peak of MPEG backbone. 307
Further acrylation of hydroxyl-terminated dendrons results in the two methylenes of thioglycerol 308 to downshift from 35.5 and 65.3 to 32.2 and 63.6 ppm in 13 C NMR, respectively. The acrylic 309 groups showed multiple peaks at 128, 131 and 165 ppm due to the slightly different chemical 310 environment when attaching on primary or secondary hydroxyl groups. In 1 H NMR, a group of 311 well-separated peaks are shown between 5.8 and 6.5 ppm after acrylation, which are from the 312 protons of the ethenyl groups. After addition with thiol groups, those peaks are completely 313 removed, indicative of the full conversion of acrylic groups to hydroxyl functional groups. 314
The MPEG-DEN-G2.5 copolymer was characterised by GPC to determine the molecular 315 weight. As shown in the chromatogram (Fig. 2) , the retention time of MPEG-DEN-G2.5 is lower 316 than that of free MPEG, which indicates an increase in the molecular weight. The molecular 317 weight obtained via calibration is 5510 g mol -1 , which is smaller than the value calculated from 318 NMR (5702 g mol -1 ). This discrepancy is thought to be due to the more compact dendritic 319 structure and thus smaller size compared to linear polymers with a similar molecular weight. 320 321
Critical Micelle Concentration 322 323
The half generation MPEG-DEN copolymers, comprising a hydrophilic PEG chain and a 324 hydrophobic dendron with ethenyl surface groups, are able to micellise in aqueous solution. The 325 drop-shape analysis method was employed to determine the CMCs of the copolymers. The 326 method is sensitive to measure the surface tension at low concentrations and only requires small 327 quantities of sample (Zhou et al., 2013). However, the measurements were performed at room 328 temperature (approx. 20 °C) due to lack of temperature control accessories. 329
The CMC of the MPEG-DEN-G2.5 copolymer determined from inflection points in plots 330 of surface tension versus logarithm concentration (Fig. 3) was 0.9 g dm -3 . Fury et al. reported the 331 CMC measurement of MPEG-poly(ester-sulfide) copolymer (synthesised using pentenoyl 332 chloride) (Fury et al., 2013) . A lower CMC value (7.5 mg dm -3 ) was found for the G3.5 333 copolymer with 8 ethenyl groups. This is probably due to the longer alkenyl building units and 334 doubled hydrophobic surface groups. In this paper the micellar properties and solubilisation 335 16 characteristics of the copolymers were measured in 1% w/v (10 g dm -3 ) aqueous solution. It was 336 assumed that micellisation is complete at the concentration and temperature. The surface tension 337 measurement of full generation MPEG-DEN copolymers showed that no CMC was detected at 338 the equivalent concentration range. It indicates that full generation MPEG-DEN copolymers are 339 not able to form micelles due to the hydrophilicity of their hydroxyl surface groups. This is in 340 agreement with the findings reported by Fury et al. (Fury et al, 2013) . 341 an electrometer. CAD detector is mass-dependent and the response is generated regardless of the 363 spectral and physicochemical properties of analytes. 364 
Stability of core-crosslinked micelles 383 384
The hydrolysis of the crosslinked and non-crosslinked micelles of MPEG-DEN-G2.5 385 copolymer was investigated in acidic and neutral solutions. As shown in Fig. 6 , both the 386 crosslinked and non-crosslinked micelles have good stability at pH 7.4. No degradation was 387 detected for the crosslinked micelles after 2 days. The peaks of the non-crosslinked micelles 388 were reduced slightly due to the dynamic equilibrium of micellisation and relatively direct 389 exposure of the molecules to the solvent. The MPEG-DEN copolymers contain ester bonds and 390 thus more readily hydrolyse in acidic solutions. The dendritic branches could be fully or partially 391 cleaved from the MPEG chains, which results in an increase of the polarity and a decrease of the 392 retention time. Fig. 7 showed that both micelles demonstrated more apparent changes after 393 incubation at pH 1.2 for 24 h. The peak at 2.1 min is from the chloride ions in the buffer. The 394 non-crosslinked micelles showed clear sign of degradation over the elution range. The peaks of 395 the more hydrophobic fractions were greatly reduced and the copolymers were eluted faster due 396 to the increased hydrophilicity. The crosslinked micelles also showed a similar tendency. The 397 peaks became more narrow and the retention times were slightly decreased. Although the 398 evidence of hydrolysis was found by the CAD technique, the quantitative determination of the 399 degradation of the copolymers is not achievable due to lack of calibration standards. As CAD 400 detection is mass-dependent not concentration-dependent, different compounds could be eluted 401 at the same time and produce very close responsive signals in the detector. However the CAD 402 cannot provide any spectral information to identify the compounds. The results of the stability 403 study indicate that the copolymers are relatively stable under neutral conditions. Crosslinking 404 within the micelle cores could enhance the stability of micelles, limit the access to the 405 surrounding solutions and retard the hydrolysis of the copolymers. 406 Table 1 shows the solubility of griseofulvin in the buffer solutions of the crosslinked and 441 non-crosslinked MPEG-DEN micelles at 37°C. An approx. 10-fold increase of the solubility was 442 found for both copolymer solutions at 1% w/v. The solubility of griseofulvin in phosphate buffer 443 (0.01 mg ml -1 ) was deducted for calculation of the solubilisation capacity (S cp , expressed as 444 milligram drug per gram of copolymer). The crosslinked micelles show relatively higher 445 solubilisation capacity than the non-crosslinked ones under equivalent conditions. The micelle 446 size measurement indicates that both micelles have very similar hydrodynamic radii and 447 crosslinking has no impact on the size of micelle cores. It is known that micellisation is a 448 thermodynamic equilibrium and thus the drug molecules encapsulated are possible to diffuse out 449 of the micelle cores. However the escape of drug molecules is considered to be hindered by core-450 improved stability and crosslinked core structure. This study explores a new strategy on 496 designing biodegradable crosslinked micelles for drug solubilisation and delivery. 497 498 Zhang, Y., Xiao, C., Li, M., Ding, J., He, C., Zhuang, X., Chen, X., 2014. Core-cross-linked 583 micellar nanoparticles from a linear-dendritic prodrug for dual-responsive drug delivery. 
